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Objective: The mechanism of higher incidence of ischemic mitral regurgitation in
patients with inferior compared with anterior myocardial infarction despite less
global left ventricular remodeling and dysfunction is controversial. We hypothe-
sized that inferior myocardial infarction causes left ventricular remodeling, which
displaces posterior papillary muscle away from its normal position, leading to
ischemic mitral regurgitation.
Methods: In 103 patients with prior myocardial infarction (61 anterior and 42 inferior)
and 20 normal control subjects, we evaluated the grade of ischemic mitral regurgitation
on the basis of the percentage of Doppler jet area, left ventricular end-diastolic and
end-systolic volumes, midsystolic mitral annular area, and midsystolic leaflet-teth-
ering distance between papillary muscle tips and the contralateral anterior mitral
annulus, which were determined by means of quantitative echocardiography.
Results: Global left ventricular dilatation and dysfunction were significantly less
pronounced in patients with inferior myocardial infarction (left ventricular end-
systolic volume: 52  18 vs 60  24 mL, inferior vs anterior infarction, P .05;
left ventricular ejection fraction: 51%  9% vs 42%  7%, P  .0001). However,
the percentage of mitral regurgitation jet area and the incidence of significant regurgi-
tation (percentage of jet area of 10% or greater) was greater in inferior infarction
(percentage of jet area: 10.1%  7.5% vs 4.4%  7.0%, P  .0002; incidence: 16/42
(38%) vs 6/61 (10%), P .0001). The mitral annulus (area 8.2 1.2 cm2 in control
subjects) was similarly dilated in both inferior and anterior myocardial infarction (9.7
1.7 vs. 9.5  2.3 cm2, no significant difference), and the anterior papillary muscle-
tethering distance (33.8  2.6 mm in control subjects) was also similarly and mildly
increased in both groups (35.2  2.4 vs 35.2  2.8 mm, no significant difference).
However, the posterior papillary muscle-tethering distance (33.3  2.3 mm in control
subjects) was significantly greater in inferior compared with anterior myocardial infarc-
tion (38.3  4.1 vs 34.7  2.9 mm, P  .0001). Multiple stepwise regression analysis
identified the increase in posterior papillary muscle-tethering distance divided by body
surface area as an independent contributing factor to the percentage of mitral regurgi-
tation jet area (r2  0.70, P  .0001).
Conclusions: It is suggested that the higher incidence and greater severity of ischemic
mitral regurgitation in patients with inferior compared with anterior myocardial infarction
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can be related to more severe geometric changes in the mitral valve apparatus with greater
displacement of posterior papillary muscle caused by localized inferior basal left ventricular
remodeling, which results in therapeutic implications for potential benefit of procedures,
such as infarct plication and leaflet or chordal elongation, to reduce leaflet tethering.
Ischemic mitral regurgitation (MR) is a vexing com-plication that adversely affects patients’ prognoses.1-8However, many clinical questions regarding ischemicMR are still controversial.1-6,9 One such question isthe mechanism for a higher incidence of ischemic MRin patients with inferior myocardial infarction (MI)
compared with those having anterior MI.7,10 This higher inci-
dence has been explained by posterior papillary muscle (PM)
dysfunction in the right coronary artery territory.1,2 However,
PM dysfunction per se fails to cause ischemic MR.11-13
Alternatively, left ventricular (LV) remodeling, dilatation,
and dysfunction leading to geometric changes in the mitral
apparatus, including PM displacement and annular dilata-
tion, have been proposed to cause ischemic MR (Figure
1).13-24 However, patients with inferior MI typically present
with less global LV remodeling and dysfunction,25 despite
their higher incidence of ischemic MR.
Left anterior descending artery occlusion causes extensive
ischemia, mainly in the anteroseptal and apical region, with
minor direct involvement of the posteriorly positioned mitral
valve apparatus.26 In contrast, right coronary artery occlusion
causes less extensive LV ischemia but with direct involvement
of important components of the mitral apparatus, including the
basal inferior LV wall adjacent to the posterior PM and mitral
annulus. Gorman and colleagues27 demonstrated experimen-
tally that LV dilatation without prominent geometric changes
in the mitral valve apparatus with anteroseptal MI does not
cause ischemic MR, whereas posterior MI with mitral valve
annular and posteromedial PM geometric changes causes MR
in a sheep model. Thus it might also be expected that localized
inferior basal LV remodeling in patients with inferior MI
can potentially cause greater geometric changes in the mi-
tral valve apparatus with displacement of posterior PM,
despite lesser global LV remodeling and dysfunction than
that seen in patients with anterior MI. Therefore the purpose
of this study was to test the hypothesis that the higher
incidence of ischemic MR in patients with inferior MI is
associated with less global LV dilatation and dysfunction
but with greater deformity of the mitral valve apparatus
compared with that seen in patients with anteroseptal MI.
Methods
Study Subjects
Subjects consisted of 20 normal control subjects and 103 patients
with prior MI, including a consecutive 61 patients with anterosep-
tal MI and a consecutive 42 patients with inferior MI. Inclusion
criteria were, first, the presence of prior anteroseptal or inferior MI
diagnosed on the basis of (1) a history of acute MI more than 1
month previously with serum creatine kinase levels above twice
the upper normal value and (2) segmental LV wall motion abnor-
mality of the anteroseptal or inferior wall. Second, these patients
were referred for 2-dimensional and Doppler echocardiography
between October 1997 and February 1999. Exclusion criteria were
recent MI (1 month), multiple MIs, previous heart surgery, MR
caused by intrinsic mitral valvular lesions (including rheumatic
changes, infective vegetations, and chordal or PM rupture), and
other associated cardiac diseases, such as aortic valve or congenital
heart disease. The normal control subjects had normal echocardio-
grams and no known cardiovascular disease.
Patient profiles are summarized in Table 1. Coronary angiog-
raphy was done in 70 of 103 patients at our institution. Right or left
coronary artery dominance was determined by which supplied the
posterior diaphragmatic portion of the interventricular septum and
the diaphragmatic surface of the LV.
Echocardiographic Measurements
Standard 2-dimensional and Doppler echocardiographic examina-
tions with color flow mapping were done in all patients with
2.5-MHz transducers (commercially available ATL HDI 3000,
Bothell, Wash; Toshiba SSH 380A, Tokyo, Japan; and Agilent
Technologies, Sonos 5500, Andover, Mass). Special attention was
paid to visualize the anterior and posterior PM tips in the apical 4-
and 2-chamber views. LV end-diastolic and end-systolic cavity
areas were traced in those views, and LV volumes and ejection
fractions (EFs) were obtained by using the modified biplane Simp-
son method.28 The LV wall was divided into 16 segments, and the
number of segments with wall motion abnormality was estimated
to evaluate the spatial extent of ischemic LV dysfunction.28 LV
shape or sphericity was assessed by using the LV short-axis/long-
axis dimension ratio in the end-systolic apical 4-chamber view.29
Midsystolic mitral annular dimension was measured in the apical
4- and 2-chamber views, and its area was calculated by using an
ellipsoid assumption (annular area  d1  d2  /4; Figure
2).30,31 The mitral annulus was identified as the leaflet hinge point.
End-diastolic, end-systolic, and midsystolic frames were deter-
mined as the initial, last, and middle frame with systolic mitral
leaflet closure. The mitral leaflet-tenting area between the leaflets
and the line connecting the annular hinge points in the apical
4-chamber view was traced at midsystole to estimate the apical
displacement of the mitral leaflets (Figure 2).14 The leaflet-tether-
ing distance between the PM tips and the contralateral anterior
mitral annulus was also measured in the apical 4- and 2-chamber
views (Figure 2, 1 and 2) by using the anterior mitral annulus as
a reference point to estimate PM displacement.21,32,33 The severity
of MR was determined by the ratio of color Doppler jet area to left
atrial area in midsystole. MR grade was estimated as trace, mild,
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moderate, or severe on the basis of ratios of greater than 0% to
10%, greater than 10% to 20%, greater than 20% to 40%, and
greater than 40%, respectively.34,35
Reproducibility of Measurements
Two independent observers repeated measurements of mitral an-
nular area and PM-tethering distance from 10 patients’ single
echocardiographic recordings. The differences in their measure-
ments were used to express interobserver variability. The same
observer repeated the measurements to estimate intraobserver vari-
ability.
Statistical Analysis
Results were expressed as means  SD. Variables were compared
between groups by using the unpaired Student t test. Incidences in
the 2 groups were compared by using the 2 test. Determinants of
the percentage of MR jet area and mitral leaflet-tenting area were
explored by entering the end-diastolic and end-systolic LV vol-
Figure 1. Leaflet-tethering hypothesis for the mechanism of mitral leaflet tenting and functional MR: left, normal
leaflet tethering in a normal subject; right, augmented leaflet tethering resulting in apical displacement of the
mitral leaflets and MR caused by LV dilation, systolic LV regional wall motion abnormalities, or both. MLT, Mitral
leaflet tenting; LA, left atrium; Ao, aorta; AML, anterior mitral leaflet; PML, posterior mitral leaflet.




(n  42) vs
Anterior MI
(n  61) P value
Age (y) 50 18 68 8 67 8 NS
Sex (M/F) 13/7 35/7 48/13 NS
Angina pectoris 0/20 2/42 5/61 NS
Heart failure 0/20 4/42 7/61 NS
Revascularization early after AMI
PTCA 0/20 35/42 48/61 NS
PTCA  PTCR 0/20 0/42 2/61 NS
PTCA  t-PA 0/20 0/42 1/61 NS
Not performed N/A 7/42 10/61 NS
Number of LV segments with asynergy 0 0 1.9 0.7 6.5 0.6 .0001
Coronary artery dominance (R/NR) N/A 26/4 37/3 NS
n  30 n  40
Time lapse after acute MI (mo) 0 0 29 38 26 29 NS
AMI, Acute myocardial infarction; PTCA, percutaneous transluminal coronary angioplasty; PTCR, percutaneous transluminal coronary reperfusion; t-PA,
tissue plasminogen activator; R, right coronary artery dominance; NR, nonright coronary artery dominance. P values are shown for comparison between
anterior and inferior MI.
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umes, EF, LV sphericity, mitral annular area, PM leaflet-tethering
distance, and these variables normalized by body surface area
(BSA) into univariate and stepwise multiple regression analysis.
Because distribution of the mitral leaflet-tenting area was skewed,
the area was transformed by using the Box-Cox method with the
following formula:
Transformed area  [(Area  1)1.5  1]/(1.5)36
Results
LV Remodeling and Dysfunction in Anterior and
Inferior MI
Patients with both inferior and anterior MIs had signifi-
cantly larger LV end-systolic volumes and lower EFs than
normal subjects. The increase in LV end-systolic volume,
reduction in EF, and number of segments with asynergy
were significantly greater in patients with anterior compared
with inferior MI (Tables 1 and 2).
Mitral Leaflet Tenting and Ischemic MR
Data on mitral leaflet tenting and ischemic MR are shown in
Table 2 and Figure 3. The mitral leaflet-tenting area was
significantly increased in patients with both anterior and
inferior MI. Despite smaller changes in LV systolic volume
and EF, the increase in tenting area was significantly greater
in patients with inferior compared with anterior MI (P 
.0003). The percentage of MR jet area was also significantly
increased in both groups, with the increase again being
significantly greater in patients with inferior MI (P 
.0002), which is consistent with their higher incidence of
mild or greater MR (P  .0001).
Measures of the Mitral Valve Apparatus
Data on measures of the mitral valve apparatus are shown in
Table 2 and Figure 3. Patients with both inferior and ante-
rior MIs had significant but comparable increases in mitral
annular area and the anterior PM leaflet-tethering distance
compared with that seen in control subjects (P  .05 vs
control subjects; P not significant, inferior vs anterior). In
contrast, posterior PM-tethering distance was significantly
increased in patients with inferior compared with anterior
MI.
Figure 2. Methods to measure (1) the mitral annular area from 2
diameters in apical views, (2) the mitral leaflet-tenting area
between the mitral leaflets and a line connecting mitral annular
hinge points in the midsystolic apical 4-chamber view (dashed
area shown in the left panel), and (3) leaflet-tethering lengths
between anterior or posterior PM tips and contralateral anterior
mitral annulus (1 and 2). LV, Left ventricle; LA, left atrium; RV,
right ventricle; RA, right atrium.




(n  42) vs
Anterior MI
(n  61) P value
LVEDV (mL) 87 14 101 19 101 28 NS
LVEDVI (mL/m2) 53 8 63 14 64 21 NS
LVESV (mL) 35 8 52 18 60 24 .05
LVESVI (mL/m2) 21 5 33 12 38 17 .05
LVEF (%) 60 5 51 9 42 7 .001
Incidence of MR
Trace/none 20 (100%) 26 (62%) 55 (90%) .0001
Mild 0 (0%) 10 (24%) 4 (7%) .01
Moderate 0 (0%) 6 (14%) 2 (3%) .01
Severe 0 (0%) 0 (0%) 0 (0%) NS
Incidence of MR in patients with non-RCA dominance N/A 1/4 0/3 NS
Mitral annular area (cm2) 8.2 1.2 9.7 1.7 9.5 2.3 NS
LV(D) (mm) 34.8 2.5 37.2 3.0 39.0 2.9 .01
LV(L) (mm) 63.1 4.4 64.7 3.4 72.6 5.0 .01
D/L 0.55 0.04 0.58 0.03 0.54 0.02 .01
LVEDV, Left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular ejection fraction; MR, mitral regurgitation;
RCA, right coronary artery; D, short-axis dimension; L, long-axis dimension (increasing D/L ratio indicates greater sphericity). P values are shown for
comparison between anterior and inferior MI.
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Determinants of Mitral Leaflet-Tenting Area and
Percentage of MR Jet Area
Univariate predictors for the mitral leaflet-tenting area in the
entire patient set were LV end-diastolic and end-systolic
volume, mitral annular area, LV sphericity, the leaflet-
tethering distance of both PMs, these variables normalized
by BSA, and inferior MI location. Multiple stepwise regres-
sion analysis identified the increase in posterior PM leaflet-
tethering distance normalized by BSA as an independent
contributing factor to the mitral leaflet-tenting area, along
with normalized mitral annular area and inferior MI location
(r2  0.60, Table 3 and Figure 4).
Univariate predictors of the percentage of MR jet area in
the entire patient set were LV end-diastolic and end-systolic
volume, mitral annular area, LV sphericity, the leaflet-
tethering distance of both PMs, these variables normalized
by BSA, and inferior MI location. Multiple stepwise regres-
sion analysis similarly identified the increase in the poste-
rior PM leaflet-tethering distance normalized by BSA as an
independent contributing factor to the percentage of MR jet
area, along with normalized LV end-diastolic volume, in-
ferior MI location, and mitral annular area (r2 0.77, Table
4 and Figure 5).
Reproducibility of Measurements
Interobserver and intraobserver variability for the measure-
ments of mitral annular area were 0.7  0.3 and 0.4  0.1
cm2 or 6.0%  2.6% and 3.1%  0.8% of the mean value,
respectively. Interobserver and intraobserver variability for
the measurements of PM leaflet-tethering distance were
1.3  0.5 and 0.6  0.2 mm or 3.7%  1.4% and 2.4% 
0.8% of the mean value, respectively.
Discussion
Mechanism of Higher Incidence of Ischemic MR With
Inferior MI
This study demonstrated that MR and apical displacement
of the mitral leaflets were more severe in patients with
inferior than in patients with anterior MI, despite smaller
changes in LV systolic volume and reduction in EF. There-
fore the higher incidence of ischemic MR in patients with
inferior MI cannot be explained by global LV dilatation and
dysfunction. In contrast, localized deformity of the mitral
valve complex was greater in patients with inferior MI;
specifically, the tethering distance from the posterior PM,
typically in the infarct zone, to the anterior annulus was
significantly longer in patients with inferior MI. The ante-
Figure 3. Bar graphs showing differences in mitral leaflet-tenting area, percentage of MR jet area, and anterior or
posterior PM-tethering distances between patients with anterior and inferior infarction. NS, Not significant.
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rior PM-tethering distance and mitral annular dilatation
were comparable between the 2 groups. Multiple stepwise
regression analysis identified the increase in posterior PM-
tethering distance as the independent determinant of mitral
leaflet-tenting area and percentage MR jet area. Therefore,
the results suggest that ischemic MR is not primarily related
to global LV remodeling or dysfunction but rather to local-
ized remodeling, causing deformity of the mitral valve
complex, especially at the PM attachment in the inferior
basal lesion.
Relation to Previous Studies
Our results are consistent with those of previous investiga-
tions demonstrating higher incidences of ischemic MR in
patients with inferior compared with anterior MI.7,10,37 The
results also support the leaflet-tethering hypothesis for the
mechanism of ischemic MR, which proposes that LV re-
modeling, leading to geometric changes in the mitral valve
complex, causes ischemic MR.13-19,21,24,27,32,33,38 The impor-
tance in the mechanism of ischemic MR of localized basal
posteroinferior LV remodeling in causing geometric
Figure 4. Scattergraphs showing relationships between mitral leaflet-tenting area and its determinants. Multiple
stepwise regression analysis identified the increase in posterior PM-tethering distance/BSA as an independent
contributing factor to the mitral leaflet-tenting area, along with mitral annular area/BSA and inferior MI location.
TABLE 3. Determinants of mitral leaflet-tenting area
Univariate analysis Coefficients SE r2 P value
LV EDV/BSA (mL/m2) 0.005 0.001 0.18 .001
LV ESV/BSA (mL/m2) 0.004 0.001 0.11 .001
LV EF (%) (–) (–) (–) NS
LV D/L 2.0 0.63 0.09 .002
Posterior PM tethering distance/BSA (mm/m2) 0.05 0.005 0.56 .001
Anterior PM tethering distance/BSA (mm/m2) 0.05 0.008 0.25 .001
Mitral annular area/BSA (cm2/m2) 0.09 0.013 0.32 .001
Inferior location of MI (0  anterior, 1  inferior) 0.18 0.04 0.17 .001
Multivariate analysis Coefficients SE t P value
LV EDV/BSA (mL/m2) (–) (–) (–) NS
LV ESV/BSA (mL/m2) (–) (–) (–) NS
LV D/L (–) (–) (–) NS
Posterior PM tethering distance/BSA (mm/m2) 0.037 0.007 5.6 .001
Anterior PM tethering distance/BSA (mm/m2) (–) (–) (–) NS
Mitral annular area/BSA (cm2/m2) 0.035 0.014 2.6 .01
Inferior location of MI (0  anterior, 1  inferior) 0.09 0.03 3.0 .004
F value (3, 99)  50.4. Interaction terms between variables were all not significant with P values of greater than .05. EDV, End-diastolic volume; ESV,
end-systolic volume; D/L, LV short-axis to long-axis dimension ratio.
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changes in the mitral valve complex, as opposed to global
LV remodeling and dysfunction, have been demonstrated in
a previous sheep experiment27and confirmed in the present
clinical study.
These results emphasize the importance of posterior PM
displacement in the mechanism of ischemic MR in patients
with inferior MI but do not indicate that anterior PM dis-
placement is not important. Yiu and associates38 studied the
mechanism of functional ischemic MR in patients with an
LV EF of less than 50%. They studied patients with global
and segmental LV dysfunction and a mean EF of 31% 
9% and demonstrated that both PM displacements are
Figure 5. Scattergraphs showing relationships between percentage of MR jet area and its determinants. Multiple
stepwise regression analysis identified the increase in posterior PM-tethering distance/BSA as an independent
contributing factor to the percentage of MR jet area, along with LV end-diastolic volume/BSA, inferior MI location,
and mitral annular area.
TABLE 4. Determinants of percentage MR jet area
Univariate analysis Coefficients SE r2 P value
LV EDV/BSA (mL/m2) 0.28 0.029 0.44 .0001
LV ESV/BSA (mL/m2) 0.29 0.04 0.37 .0001
LV EF (%) (–) (–) (–) NS
LV D/L 49 19 0.05 .01
Posterior PM tethering distance/BSA (mm/m2) 2.1 0.13 0.70 .0001
Anterior PM tethering distance/BSA (mm/m2) 2.1 0.25 0.37 .0001
Mitral annular area/BSA (cm2/m2) 3.5 0.41 0.38 .0001
Inferior location of MI (0  anterior, 1  inferior) 5.7 1.44 0.13 .001
Multivariate analysis Coefficients SE t P value
LV EDV/BSA (mL/m2) 0.12 0.03 4.3 .001
LV ESV/BSA (mL/m2) (–) (–) (–) NS
LV D/L (–) (–) (–) NS
Posterior PM tethering distance/BSA (mm/m2) 1.3 0.2 5.9 .001
Anterior PM tethering distance/BSA (mm/m2) (–) (–) (–) NS
Mitral annular area/BSA (cm2/m2) 0.82 0.38 2.2 .03
Inferior location of MI (0  anterior, 1  inferior) 2.7 0.9 3.1 .003
F value (4, 98)  81.2. Interaction terms between variables were all not significant, with P values of greater than .05. EDV, End-diastolic volume; ESV,
end-systolic volume; D/L, LV short-axis to long-axis dimension ratio.
Kumanohoso et al Surgery for Acquired Cardiovascular Disease
The Journal of Thoracic and Cardiovascular Surgery ● Volume 125, Number 1 141
A
CD
equally important in the mechanism of functional MR.37
Our data are generally consistent with their results in that
they demonstrate the importance of PM displacement in the
mechanism of ischemic MR. However, the contribution of
posterior and anterior PM displacement was not equal in the
present study. We studied the mechanism of MR only in
patients with inferior or anterior segmental LV dysfunction
and with a higher mean EF of 45%  9%. Experimental
investigations demonstrated equal contributions from both
PM displacements with global LV dysfunction and a pre-
dominant contribution from posterior PM displacement with
inferoposterior segmental dysfunction.21,32,33 It has also
been shown in animal experiments that segmental antero-
septal ischemia causes only modest deformity of the mitral
apparatus.27,39 We can therefore suggest that differences in
the patient population can potentially explain whether the
posterior and anterior PM displacements make equal or
unequal contributions to ischemic MR.
Limitations
Estimation of geometric change in the mitral apparatus was
done by using a single 2-dimensional echocardiogram, and
therefore we could not evaluate 3-dimensional PM displace-
ment in multiple directions, as with 3-dimensional echocar-
diography.21,32,33 However, the tethering distance between
the PM tip and the contralateral anterior mitral annulus
determined by using 2-dimensional echocardiography can
potentially offer an alternative measurement of leaflet teth-
ering that has been shown to correlate well with the mitral
leaflet-tenting area (r2  0.74) and with the percentage of
MR jet area (r2  0.70).33,38
We investigated the mechanism for a higher incidence of
ischemic MR in patients with inferior MI, but the grade of
MR was evaluated semiquantitatively. Time since MR de-
veloped could not be estimated, and infarct mass was not
quantified. In this series there were no patients with severe
MR, who most require surgical intervention. Further inves-
tigations might address such issues prospectively.
Clinical Implications
These results emphasize the importance of segmental LV
remodeling and dysfunction on mitral leaflet function and
the differences in these effects depending on the involved
segment. This effect can be a consideration in decisions
regarding the potential benefit of revascularization in infe-
rior infarctions.10 The findings also suggest that surgical
techniques, in addition to annular size reduction, could
potentially benefit patients by reversing geometric changes
in the mitral valve complex. Such maneuvers might include
coronary artery bypass grafting, especially to the right or
left circumflex coronary artery territory with viable myo-
cardium; infarct plication or posterior wall excision to re-
duce infarct bulging32; or leaflet or chordal elongation.
Although mitral annuloplasty can usually eliminate isch-
emic MR,40,41 clinical observations demonstrate that MR
might persist after ring implantation, which is consistent
with leaflet tethering in addition to annular dilatation.42,43
Isolated insertion of an annuloplasty ring can limit annular
area and improve coaptation but might not reduce leaflet
tethering, resulting in persistent MR.44 Therefore under-
standing the deformation of the mitral valve complex is a
prerequisite to successful correction of ischemic MR.27
We thank Drs Hachiro Obata and Fumio Nakano for their
dedicated review of the coronary angiograms.
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